Alumina-forming β-NiAl coatings were deposited by high velocity oxy-fuel (HVOF) thermal spraying onto 304 stainless steels for protection against chlorine induced corrosion in a biomass-fired boiler. The corrosion test was conducted in a synthetic gas containing 500 ppm HCl with 10 wt% KCl ash deposit at 700°C for 250 h. Severe corrosion was observed with the fast growing alumina at the coating/substrate interface initiating from sample edges. Possible corrosion mechanism was proposed: as supplied by HCl/KCl, the formation of volatile chlorine/chloride acted as a catalyst and promoted the growth of alumina at relatively lower application temperatures (< 900°C).
Introduction
Biomass fuel is a direct replacement for coal to be utilized in traditional coal-fired power plants without requiring plant operators to invest in expensive combustion modifications and limited modifications to handling, and storage facilities. Nevertheless, biomass fuel, such as recycled wood, straw and agricultural crops, also faces new challenges as it normally contains a high content of alkali metals, chlorine and other corrosive elements [1, 2] . It would cause severe high temperature corrosion of metallic heat exchanger surfaces, and leads to material damage, and shortened lifetime [3] . In addition, a surging demand for higher energy efficiency and lower CO 2 emissions has stimulated the rapid development of ultra-supercritical (USC) power plants, where the temperatures will be in excess of 650°C (e.g. the European AD700 program, the American A-USC (760°C), and the Japanese A-USC, etc.) [4] . This increasingly harsh environment, however, limits the selection of materials to high-alloy steels and nickel-based alloys that could provide sufficient creep and fireside corrosion resistance [5] . Overlay corrosion-resistant coatings could also be applied to further improve the protection against the aggressive fireside corrosion. High-velocity oxy-fuel (HVOF) thermal spraying is one of the most widely used coating techniques for the deposition of Cr 2 O 3 -forming and Al 2 O 3 -forming alloys for high temperature corrosion/oxidation protection [6] [7] [8] . Cr 2 O 3 -forming alloys (e.g. Fe-Cr and Ni-Cr alloys) are most widely sprayed as coatings for corrosion protection [9] [10] [11] [12] [13] [14] . However, previous researches have shown that the corrosive alkali chlorides (e.g. KCl) reacts with Cr 2 O 3 in the protective scale to form K 2 CrO 4 [15] [16] [17] [18] .
Chlorine could penetrate the oxide scale, forming volatile metal chlorides at the scale metal interface. The breakdown of the Cr 2 O 3 scale accelerates corrosion attack by subsequently converting to oxides and releasing the chlorine back to the metal surface [19, 20] . Al 2 O 3 -forming alloys (e.g. Fe-Al, Ni-Al alloys) has provided a viable alternative as coatings for high temperature corrosion protection, although the temperature lower than 700°C may not be high enough to obtain a protective scale [21, 22] . It has been reported that the addition of Al to Fe-Cr alloys is beneficial for the corrosion resistance at 650°C with KCl salt [23] . An alumina scale formed by pre-oxidation of a FeCrAl alloy at 700°C for 24 h also showed improvement in resistance against attack by KCl at 600°C [24] . It was also demonstrated that the reaction of KCl with Al 2 O 3 to produce potassium aluminate (KAlO 2 ) is thermodynamically less favored than K 2 CrO 4 at the relevant temperature [25] . In addition, Li et al. [26] investigated the hot corrosion behaviour of various Fe-Cr, Fe-Al and Ni-Al model alloys in air with NaCl-KCl deposit at 670°C for 48 h. In their study, it was found that, among the three model alloys, the NiAl alloys performed the best corrosion resistance with the greatest inertness to chloride salt and the least attack in chlorine-containing environments. The inter-metallic β-NiAl phase coating has been widely used since the 1960s [27] for the protection of gas turbines blades at high temperatures up to 1000°C.
In the study, NiAl coatings were deposited by HVOF thermal spray onto 304 stainless steels and then subjected to a corrosion test at 700°C for 250 h with ash deposit containing 10 wt.% of KCl salt in a synthetic gas containing 5 vol.% O 2 , 500 ppm HCl and balance N 2 . It is worth noting that other gases, such as H 2 O, NO x and SO x , etc. were deliberately omitted from the synthetic flue gas in order to create a simplified environment. The main focus is to study the sole effect of KCl/HCl on the corrosion behaviour of NiAl coatings and stainless steels substrates for the application of next generation ultra-supercritical biomass-fired boilers. The corrosion products were investigated by scanning electron microscopy (SEM), energy dispersive X-ray (EDX) and X-ray diffraction (XRD) analysis, in comparison with the normal oxidation products in air without KCl and HCl. With the intent of providing further insight into the complex corrosion mechanism that involve both O 2 and Cl 2 , and the subsequent formation of the oxides and volatile chlorides, a commercially available software, Thermo-Calc ® , was used to study the equilibrium oxide phases existing in the NiAl + O 2 + Cl 2 system at 700°C. In the end, a possible corrosion mechanism was proposed based on the thermodynamic calculations with a focus on the O 2 and Cl 2 partial pressures.
Experimental

Powder and substrate
A commercial NiAl powder for thermal spraying (AMPERIT291, fused/crushed, H.C.Starck, UK) was used as feedstock with a nominal composition of Ni69Al31 wt.% and a particle size distribution of 5-45 μm. The NiAl powder was sprayed onto AISI 304 stainless steels substrates (nominal composition Fe-19.0Cr-9.3 Ni-2.0Mn-0.05C wt.%) with a dimension of 60 × 25 × 2 mm.
HVOF thermal spray process
Substrates were grit blasted with brown alumina (F22, 0.8-1.0 mm) under 6 bar pressure, and cleaned by an ultrasonic acetone bath to remove any embedded alumina particles. The substrates were mounted onto a carousel rotating at 73 rpm with a vertical axis of rotation. Metjet IV, a liquid fuel based HVOF thermal spray system (Metallisation Ltd., UK), was used for thermal spraying of the NiAl coatings with kerosene as the fuel. The coatings were deposited with 16 passes and a powder feed rate of ∼30 g/min, resulting in a thickness of ∼50 μm (deposition efficiency was limited by the low flowability of the feedstock NiAl powders), and the samples were air-cooled during spraying. The length of the nozzle of the HVOF thermal spray gun was 100 mm and a stand-off distance of 356 mm was used during the spray runs. The flow rates of kerosene and oxygen were 415 mL/min and 800 L/min, respectively; nitrogen was used a carrier gas for the powder. The dimensions of the samples for the corrosion tests were 10 mm × 10 mm, same with our previous studies [28, 29] . It is worth noting that since the samples were not fully coated with NiAl coatings, the sample edges may act as an initiation for the corrosion attack.
Chlorine-induced corrosion test
The experimental setup was designed based on industrial benchmark tests for biomass-fired boiler materials (See Fig. 1 ). The setup contained a horizontal tube furnace with a stainless steel vessel and the inside of the chamber was entirely lined with high purity alumina. A mass flow controller was used to flow 35 cm 3 /min of synthetic gas (500 ppm HCl, 5% O 2 and balance N 2 ) through the chamber during the high temperature corrosion test. This is a simplified flue gas composition in biomass-fired boilers (e.g. forest residue, waste wood, straw), where HCl is formed from burning high Cl containing biomass fuel [30] . 
Material characterisation
A scanning electron microscope (SEM, FEI Quanta 650, UK) operated at 20 kV and equipped with an energy dispersive X-ray (EDX) detector (Silicon drift detector size: 150 mm 2 , Oxford Instruments, UK) was used to examine the microstructure and compositions of the feedstock powder and the coating surface and cross-sections under secondary electron (SE) and back-scattered electron (BSE) modes. An X-ray diffractometer (XRD, D500 S Germany) with Cu Kα radiation (1.5406 Å) was used to identify the phases present in the powders and coatings in the 20°≤ 2θ ≤ 90°range with a step size of 0.05°and dwell time of 2 s. AztecEnergy EDX analysis software (Oxford Instruments, UK) was used to acquire montages images along the entire coatings including both the left and right edges. For the microstructural analysis, the coatings samples were mounted in cold-mounting resin filled with Ballotini glass beads for low shrinkage, and the cross-sections were polished down to a 1 μm finish using a non-aqueous medium.
Thermo-Calc
® calculation Thermodynamic calculation of corrosion products as a function of effective partial pressures of O 2 and Cl 2 at 700°C was carried out using the commercially available Thermo-Calc ® software (Version 2016b) following the CALPHAD technique. CALPHAD is originally an abbreviation for CALculation of PHAse Diagrams, but was later expanded to refer to Computer Coupling of Phase Diagrams and Thermochemistry. The CALPHAD approach is semi-empirical method based on the sequential modelling of the thermodynamic properties of multicomponent systems, which needs basic amount of experimental data for creation of robust, consistent and reliable set of thermodynamic parameters describing simple systems. Such data allows extrapolation of phase diagrams and thermodynamic properties modelling to regions not studied experimentally and/or to more complex systems [31] . The detailed and very comprehensive description of the CALPHAD method was published by Saunders and Miodownik [32] and by Lukas et al. [33] . An extensive description of the modelling background for Thermo-Calc ® can be found in reference [34] . Commercial databases: TCS Ni-based Superalloys (TCNi8), TCS Steels/Fe-Alloys (TCFe7), and SGTE Substances (SSUB4) were used for the equilibrium computations [35] . Thermodynamic analysis provides equilibrium phase diagrams aiming at the prediction of corrosion and oxidation products of alloys at high temperatures [36] . It concerns not only compositions, but also O 2 and Cl 2 partial pressures, phase, and temperatures, etc. Thermo-Calc ® calculation is a useful tool to study the selective oxidation behaviour of alloys, especially those complex multicomponent alloys [37] . The application of Thermo-Calc ® to provide insight into the alumina-forming and chromia-forming alloys systems has been validated by our previous work [28] and others [38] [39] [40] [41] [42] [43] [44] [45] . All calculations were based on fixed concentrations, pressures and temperatures, so as to match the isothermal corrosion test used in the present study. The effective partial pressures pO 2 and pCl 2 are considered as a variable and represented by chemical activity (a, the unit is 1) ranging from 1 × 10 −60 to 1 atm. The M-Cl 2 -O 2 (M = Ni, Al, Fe, and Cr) phase diagrams at 700°C were calculated by Thermo-Calc ® using SSUB4 database. The results were validated by comparing with the results calculated by HSC chemistry 6.0 [46] . The input of the conditional parameters are listed in Table 1 , which are used for the calculation of the phase composition of the oxides formed on the alloys upon equilibrium. Ideally, the composition of β-NiAl and γ'-Ni 3 Al phase should be Ni50Al and Ni25Al in mol.% according to the stoichiometric ratio however errors appeared in software when the composition of β-NiAl increased to higher than Ni40Al, at which composition contained 7.14 mol% of γ' phase and 92.86 mol% of β phase. This is a drawback of conducting the Thermo-Calc ® calculations and the reason remains to be unknown. Nevertheless, according to the calculation results in Fig. 10 , the Al content in Ni40Al is sufficient for the formation of exclusive Al 2 O 3 with the presence of 0.1 atm O 2 at 700C, which could rule out the adverse effect on the oxidation and corrosion of Ni40Al alloys caused by the impurity of γ' phase.
Results
Feedstock powders
Fig . 2 shows the surface morphology and cross-sections of the NiAl powders under SE mode. The feedstock NiAl powders that were used for HVOF thermal spraying exhibited irregular shapes with angular/polyhedral and rough surfaces. The inset figure shows a particle under BSE mode with no internal porosity and no contrast indicating homogenous composition. Crack can also be seen on the cross-section of powders indicting the brittleness of the intermetallic NiAl phase. Fig. 3 . shows the phase analysis of the feedstock powder, the assprayed NiAl coatings before and after oxidation and corrosion test. The feedstock has mainly β-phase with a minor impurity of Ni 2 Al 3 phase. After spraying, the as-received NiAl coatings retained the β-phase of the NiAl powders with a minor fraction of γ'-Ni 3 Al phase. For the oxidation test, no significant phase change in the NiAl coatings is observed, apart from a minor fraction of NiO formed on the coating surface. For the corrosion test, both α-Al 2 O 3 and γ'-Ni 3 Al phase are identified but only with a minor fraction (the presence of SiO 2 is originated from the kaolinite deposit). In addition, after both heat treatments, the width of XRD peaks decreased, which indicates the relaxation of deformation in coatings. Fig. 4 shows the representative cross-sectional microstructure and EDX elemental mappings of the as-sprayed NiAl coating and after both heat treatments under BSE mode. The as-sprayed NiAl coating has an average coatings thickness of 40-50 μm with a dense and lamellar microstructure. The as-sprayed NiAl coating has an inhomogeneous composition as indicated by the high contrast from the BSE images (See the images in the second row with a higher magnification). It consists of a Ni-rich region (bright area with an approximate composition of 90% Ni + 10%Al) and a Ni-lean region (dark area 67%Ni + 33%Al) as measured by EDX point analysis (See Table 2 ). After both tests, the Nirich regions disappeared and the coatings became uniform with a slight decrease of Al content due to the formation of Al 2 O 3 (the black area in the BSE image). The Al 2 O 3 content is much higher after corrosion test: (1) on the coating surface; (2) inside the coating lamellar layers; and (3) at the coating/substrate interface. Among the three areas, the most prominent feature is the formation of a coherent and thick Al 2 O 3 layer (3 ∼ 5 μm) at the coating-substrate interface.
Phase analysis
Microstructure and composition
This feature has been further examined in a wider range of coating length as shown in the montage images along the coating at both the left and right edges, in combination with the EDX mappings (See Fig. 5 ). It is clearly observed that both the sample edges were severely corroded with the formation of thick Al 2 O 3 throughout the coatings but mainly at the coating/substrate interface. More importantly, the corrosion became less aggressive gradually moving from the edges towards the centre of the samples. This full-scale observation from the both edges to the centre of the coatings contributed to a better understanding of the corrosion mechanism, which was always overlooked if only examined the area near the coating centre as described earlier in Fig. 4(C) .
Corrosion of stainless steel substrate without NiAl coatings
The above results demonstrated that the stainless steel was well protected by the deposition of NiAl coating with the formation of stable Al 2 O 3 throughout the coatings. As a contrast, Fig. 6(A) shows the microstructure and compositions of the corrosion products on a steel without NiAl coatings after the same corrosion test. Fig. 6(B) is the EDX map spectrum including identified elements superimposed on the characteristic X-ray peaks as well as the spectrum deconvolution of Mn and Cr peaks. Detailed composition of the corrosion products as examined by EDX point analysis is also listed in Table 3 . Thick multilayered and porous oxides are observed with a total thickness of 50-60 μm, which already spalled from the steels surface. According to the EDX mappings, the outer layer (40-50 μm) is composed of Fe-rich oxide; while the inner layer (10-15 μm) is a mixture of Mn-and Cr-rich oxide; and Ni is observed throughout the entire oxide scale. In addition, in the middle of Fe-rich oxide layer, another thin Cr and Mn-rich oxide layer can also be observed. Beneath this thin layer, the oxide grains exhibit distinctive columnar morphology with a higher level of porosity in comparison with the oxide above this thin layer. More particularly, the columnar large grains are seen to be extended to the Cr-rich oxide layer while the top part is composed of Fe-rich oxide. A boundary can be seen in the middle of the columnar oxide grains with clear contrast under BSE mode in Fig. 6(A) . On the other hand, after oxidation test without the presence of KCl/HCl, there is barely any oxide formed on steels, not even a coherent layer. Fig. 6(B) shows a representative position where a spherical oxide is formed with a significantly small size in comparison with the oxide in Fig. 6(A) . The EDX mappings show a similar oxide composition, which comprises an outer layer of Fe-rich oxide and inner layer of Cr-rich oxide. According to the XRD patterns in Fig. 7 . Nevertheless, the mechanism remains to be provided for the oxidation at the coating/substrate interface and the severe corrosion near the sample edges.
Discussion
In this section, thermodynamic analysis was carried out aiming at the predication of the phase and composition of the corrosion products at high temperatures using equilibrium phase diagrams in the alloy-O 2 -Cl 2 systems. It is however worth noting that corrosion is essentially a non-equilibrium process with a degree of uncertainty of forming metastable phases [47] . In addition, the gas partial pressures as well as the composition of the alloy underneath are not constant, e.g. both Cr and Fe are depleted due to the fast growing oxide during corrosion, which significantly modify the alloy composition. Thus, large deviation of the calculated phase compositions from the experimental results is anticipated in materials that are far from the thermodynamic equilibrium. Nevertheless, it was suggested that the relevance and reliability of thermodynamic calculations can be improved significantly if their results are complemented by chemical and microstructural analyses [48] . In other words, the combination of the thermodynamic calculation with the experimental investigation of the phase composition in real samples extends the application potential of both methods.
Chlorine-induced corrosion of stainless steels at 700°C
The high temperature corrosion of metallic materials by chlorine has been reported in numerous investigations on Fe-Cr alloys [23, [49] [50] [51] [52] and Ni-based alloys [53] [54] [55] in a similar chloridizing and oxidizing atmosphere with HCl (g) and O 2 (g). The main aggressive species in corrosion is however Cl 2 (g) (chlorine), not HCl (g), as reported by Abels et al. [30] , at least for short exposure times. In a corrosion test, Cl 2 (g) partially comes from 500 ppm HCl (g) according to the following reaction in an atmosphere with 5% O 2 (g):
Although it is slow to reach equilibrium in gas phase, reaction (1) is promoted by the consumption of Cl 2 at the metal surface, which makes the metal oxides act as catalysts for the reaction. The formation of Cl 2 could also be supplied by the 10% KCl salt in dry O 2 environment following:
It is well-established that the presence of Cl 2 in most cases prevents the formation of protective Cr 2 O 3 layer and causes accelerated attack in Fig. 4 . Cross-sectional BSE images and EDX mappings of (A) as-sprayed NiAl coatings; (B) after oxidation at 700°C for 250 h in air; and (C) after corrosion at 700°C for 250 in synthetic gas with 500 ppm HCl and 10% KCl ash deposit at low and high magnifications. Fig. 8 . The equilibrium condition for atmospheres containing 5% O 2 and 500 ppm HCl is marked on the diagrams which was first suggested by Zahs et al. [30] . It is worth mentioning that the actual Cl 2 partial pressure in this study should be higher than that due to the extra supply of Cl 2 from the 10% KCl deposit following reaction (2) but it is rather difficult to quantify the actual Cl 2 partial pressure values. Metal could either be oxidized or chloridized depending on the partial Fig. 5 . Cross-sectional BSE images of NiAl coatings on the two edges after corrosion at 700°C for 250 h in synthetic gas with 500 ppm HCl and 10% KCl ash deposit, and EDX mappings. Fig. 6 . BSE images and EDX mappings of (A) the thick multi-layered oxides on stainless steel without NiAl coatings after corrosion at 700°C for 250 h in synthetic gas with 500 ppm HCl and 10% KCl ash deposit; (B) EDX map spectrum of the corrosion products with deconvolution of Mn and Cr peaks; and (C) thin oxide on steel after oxidation test at 700°C for 250 h in air. 
Chlorides are generally more volatile than oxides, and some of them are even in gaseous state (e.g. AlCl 3 (g)) at high temperatures. These solid chlorides also have considerable equilibrium vapor pressures and would evaporate continuously according to the following reaction:
The gaseous chlorides are more volatile and will also react with O 2 upon reaching regions with higher O 2 partial pressure to form oxides releasing gaseous Cl 2 according the following reaction:
This process is also known as "active oxidation" [58] , which involves the formation of volatile metal chlorides and subsequent oxidation of the evaporating chlorides. As a result, Cl 2 acts as a catalyst, which significantly accelerates the growth of oxide on the metals. This could explain the fast growing oxide on the stainless steel after corrosion test as observed earlier in Fig. 6(A) . Without Cl 2 , the oxidation reaction of stainless steel is much slower and the resulting oxide is negligible. The presence of Cl 2 have increased the oxide growth rate on steels over a magnitude of order higher as indicated by the huge difference in the thickness of oxides, which could be owing to the "active oxidation mechanism. The formation mechanism of thick multi-layered oxides on the steels, which contain a number of alloying elements, must have gone through even more complex corrosion mechanism, so the specific role of each element is difficult to differentiate.
The Corrosion of the FeCr(Ni) alloys has been extensively studied in different environments over a temperature range of 500-900°C [47, [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] . It is generally known that the oxide scale typically consists of an outward growing Fe-rich layer and an inward growing layer consisting of spinel oxide; while the original metal/oxide interface separated the two layers. Thermo-Calc ® software has also been used by
Jonsson et al. [47, 65] to interpret the formation mechanism of the oxide scale on FeCr(Ni) alloys. Fig. 9 shows the Thermo-Calc ® calculation of oxide formation on 304 stainless steel (Fe-19Cr-9.3Ni-2Mn) as a dependency of O 2 partial pressures at 700°C. With the decrease of pO 2 , a decrease of corundum content is seen along with an increase of spinel. This agrees well with the above description that the spinel layer formed underneath the corundum layer with the presence of lower pO 2 . As described earlier in Fig. 6(A) , two distinctive types of oxide microstructures were observed being separated by a thin Cr-rich and Mn-rich layer, which is possibly the original metal/oxide interface. Kinetic factors also need to be considered that the observed elemental distributions in the scale were determined by the different diffusivities of cations [47, 65] . The diagram of the cation diffusion co-efficient in spinel as a dependency of pO 2 at high temperatures shows that Cr 3+ ions diffuse several orders of magnitude slower than Fe 2+ and O 2− in the spinel [69, 70] , resulting in the formation of outward growing Ferich oxide and inward growing Cr-rich oxide, which agrees well with the experimental observations.
Oxidation of NiAl in air at 700°C
According to the Ellingham diagram, Al 2 O 3 is undoubtedly the most stable oxide among all the alloy oxides at high temperatures, which always forms last as the innermost oxide layer attached to the Al-containing alloys with the least amount of O 2 [71] . One of the key criteria for the formation of exclusive Al 2 O 3 scale on the oxidation resistant alloys is the critical content of Al in the alloys being as a reservoir for the continuous growth of Al 2 O 3 . In the Ni-Al binary alloy system, the critical value of Al% is about 16 wt.% (or ∼30 at.%) for the formation of exclusive Al 2 O 3 at temperatures of 900-1300°C (See the oxide scale map for Ni-Al as a dependency of alloying compositions and temperatures [72] ). Fig. 10 shows the Thermo-Calc ® calculations of the oxide scale formation on a Ni-Al system as a dependency of Al content at 700°C with the presence of 0.1 atm O 2 (same partial pressure was used for the oxidation tests in Ref. [72] ). By increasing the Al content, the phase changes from γ-Ni to γ'-Ni 3 Al and β-NiAl. As calculated, the critical content of Al in the Ni-Al alloys for the formation of exclusive Al 2 O 3 is about 40 at.%, and lower content of Al (e.g. γ'-Ni 3 Al) would result in the formation of a mixture of NiAl 2 O 4 and NiO. More importantly, the growth of Al 2 O 3 is a temperature-dependent process, and that is why the alumina-forming alloys are normally chosen at temperatures of over 900°C for effective oxidation protection. According to the Arrhenius diagram of NiAl alloys [73] , the parabolic rate constant k p is extremely low, which is only about 10 −15 g 2 /cm 4 s with the formation of γ-Al 2 O 3 , which is a transient oxide that will transform to stable α-Al 2 O 3 if given sufficient time. This agrees with the observations in Fig. 4 (B) that after oxidation at 700°C for 250 h, there is barely any oxide on the NiAl coating surface or inside the coating. As a contrast in Fig. 4(C) , with the presence of the KCl/HCl, severe oxidation occurred with the formation of more Al 2 O 3 on the NiAl coating surface, inside the coating and at the coating-substrate interface. Among them, the k p for the thick Al 2 O 3 layer at the interface with a thickness of 3-5 μm can be estimated if assuming the alumina is fully dense. The estimated k p is about 10 −12 g 2 /cm 4 s, which is 3 orders of magnitude higher than the theoretic value at 700°C. In addition, as shown in Fig. 5 , more severe oxidation was observed near the sample edges with the formation of thicker Al 2 O 3 layer alongside the coating/substrate interface with an even much higher k p . All of these abnormal k p suggest that the oxidation of NiAl coatings on steels with the presence of KCl/HCl did not follow the parabolic rate law for the growth of oxide scale on alloys surface. The real mechanism should follow the 'active oxidation' as mentioned earlier with Cl 2 acting as a catalyst, which significantly accelerates the growth of oxide. Fig. 11 
For reaction (7), the gaseous AlCl 3 could further react with O 2 and form stable Al 2 O 3 as follows,
Again, in combination of reactions (7) and (10), the Cl 2 (g) acts as a reaction catalyst in this "active oxidation" process and significantly accelerates the growth rate of Al 2 O 3 in the NiAl coating. For reaction (9) , it is calculated that the resulting products are composed of nearly 100 mol% of Al 2 O 3 and only 1.39 × 10 −16 mol% of NiCl 2 (s). Although, the formation of NiCl 2 (s) is scarce, this reaction could still be promoted due to the evaporation of NiCl 2 (g) as follows at the solid/gas interface.
The continuous evaporation of NiCl 2 (g) accelerates the rate of reaction (9) and results in the formation of more Al 2 O 3 . Accordingly, the formation of both volatile AlCl 3 (g) and NiCl 2 (g) in reaction (7) and (9), respectively, would contribute to the fast growing of Al 2 O 3 , especially at the coating/substrate interface where exists a gradient of vapor pressure from the sample centre to the edges. This explains why the corrosion near the sample edges was more severe than the sample centre as shown in Fig. 5 . Furthermore, the depletion of Al due to the fast growing Al 2 O 3 could result in a phase transformation to γ'-Ni 3 Al and form more volatile and non-protective oxide, such as NiO and NiAl 2 O 4 (spinel). Fig. 12 shows the thermodynamic phase stability diagrams for the Ni 3 Al-O 2 -Cl 2 system at 700°C as calculated by 
Protectiveness of NiAl coatings against corrosion
In summary, the initial objective of this study was to investigate the protectiveness of the Al 2 O 3 -forming NiAl coating in a KCl/HCl containing environment. It was surprising that the Al 2 O 3 scale mainly formed at the coating/substrate interface but not on the coating surface, with an unexpected higher growth rate than the theoretical value at this low temperature. In order to explain the mechanism for the fast growing Al 2 O 3 , the cross-section of the entire coating was carefully examined using SEM/EDX including both sample edges. It was found that corrosion started from the sample edges and propagated through the coating/substrate interface towards the inner sections of the specimen. Although ideally this issue could be avoided if the steel was fully coated with NiAl, it is indeed difficult to guarantee that no defects or cracks could still exist in the coatings that could initiate the corrosion. In addition, chlorine is well known for its rapid penetration through scale that the chlorine itself (or Cl − ion) pushes its way through the oxide by cracking, grain boundary grooving or fissuring through scale and alloys [51] . It therefore makes such specific mechanism at the sample edges more useful to explain similar chlorine induced corrosion problems in many industrial cases. On the other hand, it is reasonable to believe that the superior inertness of the NiAl coatings also contributed to the protection of steel against corrosion. However, chlorine could still penetrate the NiAl coating itself possibly through defects (e.g. pores, cracks, etc.) or grain boundaries. This was supported by the observation of a higher content of Al 2 O 3 inside the NiAl coatings than the oxidized sample in air. Nevertheless, it is clear that the chlorine was not able to further penetrate the Al 2 O 3 scale at the coating/substrate interface, which ultimately protected the steel underneath from corrosion attack. The durability of this multi-layered system, i.e. the adhesion between each two layers, however remains to be examined, that could be adversely affected by the large thermal expansion mismatch upon thermal cycling. Nevertheless, more in-depth experimental investigations are required to validate the corrosion mechanism as proposed in this study (e.g. more interrupted tests with shorter durations). Direct observation of the formation of any chloride after corrosion could be challenging due to the volatile nature of gaseous AlCl 3 and the trace amount of NiCl 2 , which might not be detectable.
Conclusions
In this study, β-NiAl coatings were deposited by HVOF thermal spray onto stainless steels for protection against chlorine-induced corrosion in biomass-fueled boilers. The steels were well protected after a corrosion test at 700°C for 250 h in an environment of a synthetic flue gas of 5% O 2 , 500 ppm HCl and balance N 2 , and deposit salt containing 10% KCl. Severe corrosion was observed with the fast growing Al 2 O 3 at the NiAl-steel interface starting from the sample edges to the centre where both Cl 2 and O 2 diffuse into and corrode the samples. From Thermo-Calc ® calculations, the corrosion mechanism is suggested to follow the "active oxidation" process, in which Cl 2 acts as a catalyst. It involves the formation of volatile gaseous NiCl 2 and AlCl 3 and subsequent oxidation and evaporation as driven by the gradient of the vapor pressure along the coating-substrate interface, which significantly promotes the growth of Al 2 O 3 . This study has demonstrated that although NiAl coatings are effective in corrosion protection of steels, it is essential to avoid any direct exposure of coating/steel interface to the Cl 2 /O 2 gases, which could significantly deplete the Al and transform to γ'-Ni 3 Al after long-term service. 
